The valence-band offset has been determined to be 3.83± 0.05 eV at the atomic-layer-deposition Al 2 O 3 / InGaAs interface by x-ray photoelectron spectroscopy. The Au-Al 2 O 3 / InGaAs metal-oxide-semiconductor diode exhibits current-voltage characteristics dominated by Fowler-Nordheim tunneling. From the current-voltage data at forward and reverse biases, a conduction-band offset of 1.6± 0.1 eV at the Al 2 O 3 -InGaAs interface and an electron effective mass ϳ0.28± 0.04m 0 of the Al 2 O 3 layer have been extracted. Consequently, combining the valence-band offset, the conduction-band offset, and the energy-band gap of the InGaAs, the energy-band gap of the atomic-layer-deposited Al 2 O 3 is 6.65± 0.11 eV. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2218826͔
Si technology, with its devices of 90 nm gate length in production and of 50 nm or smaller in research and development, and with the SiO 2 gate oxide thickness close to the quantum tunneling limit of 1.0 nm, has called for alternative high gate dielectrics. Intense research on this area over the last several years has identified a number of oxides and silicates. However, Coulomb scattering from charge trapping and the phonon issue related to the high gate dielectrics have resulted in degraded channel mobility. This has then led to the recent research on strained Si, Si-Ge alloys, and Ge for obtaining higher mobility.
In the meantime, efforts are also being carried out to investigate even higher mobility materials in III-V semiconductors, such as GaAs, InSb, and their related compounds. 1, 2 It is known that electron mobility in GaAs ͑and other III-V semiconductor such as InGaAs͒ is much higher than those in Si and Ge, an important aspect for building high-speed devices. Band gap engineering and direct band gaps, not available in Si-and Ge-based material systems, provide different designs and make high performance integrated optoelectronic circuits combining metal-oxide-semiconductor ͑MOS͒ and photonic devices a reality.
The employment of Ga 2 O 3 ͑Gd 2 O 3 ͒ as a gate dielectric along with an ion-implantation process led to the demonstration of the first inversion-channel GaAs metal-oxidesemiconductor field-effect transistors ͑MOSFETs͒ in both n and p configurations. 3, 4 Depletion-mode GaAs MOSFETs of 0.8 m gate length have shown a drain current of 450 mA/ mm and a transconductance of 130 mS/ mm, and moreover, have exhibited negligible drain current drift and hysteresis, the first achievement in this class of transistors and an important technological advance for manufacturing consideration. 5 Recently, a 1 m gate length depletion-mode n-channel GaAs MOSFET with an 8 nm thick Al 2 O 3 gate oxide has shown a maximum transconductance of 120 mS/ mm and a drain current of 400 mA/ mm. 6 Our previous work in investigating the mechanism of III-V surface passivation 7 of the atomic-layer-deposition ͑ALD͒ Al 2 O 3 / III-V ͑InGaAs͒, via high-resolution x-ray photoelectron spectroscopy ͑HR-XPS͒ using synchrotron radiation, has detected no residual arsenic oxides in the oxide or at the oxide/InGaAs interface after the deposition of ALDAl 2 O 3 . The native arsenic oxide, As 2 O 3 , on top of the molecular beam epitaxy ͑MBE͒ grown InGaAs after being exposed to air was revealed using HR-XPS. After the ALD process, a small amount of As 2 O 5 ͑not As 2 O 3 ͒ was found to be on the surface of the Al 2 O 3 . The removal of arsenic oxides from the oxide/InGaAs heterostructures ensures effective passivation ͑i.e., Fermi level unpinning͒, with a D it of ϳ10 12 eV −1 cm −2 deduced from the capacitance-voltage ͑C-V͒ measurements.
The relevant energy-band parameters, including the oxide energy gap ͑E g ͒, oxide electron effective mass ͑m * ͒, conduction-band offset ͑⌬E c ͒, and valence-band offset ͑⌬E v ͒ at the ALD-Al 2 O 3 / III-V interfaces, are essential for studying MOS device physics and modeling. In this letter, these values have been determined using the electrical characteristics ͓Fowler-Nordheim ͑FN͒ tunneling current͔ and the HR-XPS studies in the ALD-Al 2 O 3 / III-V ͑InGaAs͒.
In 0.15 Ga 0.85 As/ GaAs strained epilayers with a Si doping of 5 ϫ 10 17 cm −3 were grown on Si-doped GaAs 2 in. substrates in a solid-source GaAs-based MBE chamber. The thickness of In 0.15 Ga 0.85 As was 12 nm. After the semiconductor epilayer growth, the wafers were moved ex situ to an ALD system for oxide growth. Al 2 O 3 films 8.5 nm thick were grown with a wafer temperature of 300°C and a chamber pressure of 1 torr using alternating pulses of Al͑CH 3 ͒ 3 and H 2 O as precursors. The MOS diode structure was fabricated by evaporating Au dots of 0.1 mm in diameter. J-E ͑J is current divided by the area of Au dots, and E is voltage divided by the oxide thickness͒ and C-V characteristics were a͒ Author to whom correspondence should be addressed; electronic mail: mhong@mx.nthu.edu.tw measured using Agilent 4156C and 4284, respectively. In this work, the ohmic contact of the MOS diodes was through a tight placement of the highly doped ͑2 ϫ 10 18 cm −2 ͒ GaAs substrate ͑sucked via vacuum͒ on the platform of the probe station. It was found that there is no major difference in electrical properties of the diodes with and without the usage of metal deposited on the backside of the wafers.
To obtain the ⌬E v at the Al 2 O 3 -InGaAs interface, we have performed HR-XPS to measure the core-level and valence-band maximum ͑VBM͒ binding energy differences 8, 9 for the Al 2 O 3 and InGaAs layers. The E g values for ultrathin oxides also can be determined from the onset of the energy loss spectra for O 1s photoelectrons by XPS. 10, 11 The HR-XPS data were taken at the U5 undulator beamline of the National Synchrotron Radiation Research Center ͑NSRRC͒ in Hsinchu, Taiwan. Photoelectrons were detected at a takeoff angle of 53°with respect to the sample surface by a PHI 279.4 mm diameter hemispherical electron analyzer. The pass energy of the electron analyzer was fixed at 5.85 eV, and overall energy resolution was better than 0.15 eV. Figure 1 shows a leakage current density of the ALD-Al 2 O 3 8.5 nm thick on In 0.15 Ga 0.85 As/ GaAs. The Al 2 O 3 dielectric films are highly electrically insulating. In the forward bias, very low leakage current densities of ϳ10 −8 to 10 −9 A/cm 2 remain almost constant at low biasing voltages. When the electrical field ͑E͒ is increased to around 4 MV/ cm, an increase of current density is observed. Similar characteristics are observed in the J-E curve under reverse bias with the current density increasing at Ͻ−4 MV/ cm. The diode has a breakdown behavior at biasing voltages of ϳ8 V, by which the breakdown field is estimated to be above 9 MV/ cm. The electrical breakdown fields of Al 2 O 3 / InGaAs are higher than that of Ga 2 O 3 ͑Gd 2 O 3 ͒ / GaAs, which is ϳ4 MV/ cm. The determination of ⌬E v of ALD-Al 2 O 3 on In 0.15 Ga 0.85 As was made by measuring the core level to VBM binding energy differences for the oxide and the semiconductor using the method proposed by Kraut et al. and others. 8, 9 The ⌬E v could be determined from the following equation:
where ͑E CL InGaAs − E VB InGaAs ͒ and ͑E CL Al 2 O 3 − E VB Al 2 O 3 ͒ are the core level to VBM binding energy differences for InGaAs and Al 2 O 3 , respectively. The last term ⌬E CL is the core-level to core-level separation at the Al 2 O 3 / InGaAs interface.
To determine ⌬E v , the As 3d, Al 2p core level, and VBM were measured by HR-XPS as shown in Fig. 2 . Here, incident photon energy of 640 eV was used. A linear extrapolation of the leading valence-band edge has been used for semiconductors and insulators. In this high-energy region, the accuracy may be limited. However, the measured signal was not altered due to the contaminations which may be adsorbed on the sample surface. The E g values of the oxide-based dielectric materials can be obtained from the photoelectron spectra by using the onsets of electron energy loss signal for the O 1s core level peak. [9] [10] [11] Photoelectrons lose their kinetic energy due to inelastic scattering from collective oscillations ͑plasmon͒, resulting in a rather broad peak in O 1s core-level and single particle excitations ͑band-to-band transitions͒. The E g is then determined as the energy separation between the zero loss and the threshold of inelastic energy loss due to the band-toband excitations. Figure 3 
